This paper presents an experimental investigation of the impact behaviour of three layer sandwich structures made of high density polyethylene (HDPE) and hemp, with and without a foam core. Low-velocity falling weight and Charpy impact tests were performed to investigate the influence of hemp content, skin thickness and core density. The strength, load, absorbed energy, and deflection histories were recorded and analysed and the damaged specimens were inspected to determine the failure patterns. Based on the Charpy impact results, the structures with foam core had higher energy absorption capabilities compared to their counterparts without foam core. In addition, based on the falling weight impact results the energy dissipation properties of sandwich structures without foam core were superior to the structures with foam core. This property was also greatly influenced by skin fibre content, skin thickness and structure configuration.
IntroductIon
Over the last decades, structural composite sandwich panels with foam core were widely used in several fields such as aerospace, marine and automobile industries due to their superior stiffness and strength per unit weight compared to engineering materials such as metals and alloys. Improved stability, high energy absorption, as well as improved fatigue properties and corrosion resistance are other benefits of sandwich structures. High energy absorption is due to large voids leading to cell wall collapse by bending and buckling [1] [2] [3] [4] . Parameters such as core type, layer thickness and face sheet material control the properties of sandwich materials [5] [6] [7] . However, these structures have some limitations such as sensitivity to localised impact loading (low-velocity impact) which degrades the stiffness, strength and load-bearing of the structures due to limited plastic deformation. Tool drop, debris, bird strikes and ballistic loading can induce undetected damages to the composite structures 4, 8 . In this case, characterisation of postimpact load-bearing properties of damaged structures is difficult 9 . In some industries such as aerospace and marine, such damage can have serious consequences. Therefore, a significant number of studies have been done to investigate and predict the impact response of sandwich panels. To simulate the loading conditions to which a sandwich panel is subjected, the impact test fixture can be designed in two forms: low velocity impact by a large mass which can be a falling weight or a swinging pendulum, and high velocity impact by a small mass such as debris which are simulated by a gas gun or ballistic launcher 8 .
Some experimental results can be found in the literature. Anderson and Madenci evaluated the low-velocity impact response of sandwich structures with graphite/epoxy faces combined with foam or honeycomb cores 10 . They reported that high-density foam-core and thicker face sheet increased the amount of energy required to generate damage. Park et al. 11 reported that the impact resistance of sandwich structures with honeycomb core was affected by core thickness and face type. They showed that the main type of impact damage was face delamination. In another study, Mines et al. 12 showed that the energy absorbing capabilities and failure mechanisms of polymer composite sandwich constructions with honeycomb core were controlled by the core and impact velocity. Bernard and Lagace experimentally investigated the impact resistance of graphite-epoxy face sheet sandwich panels with different cores such as foam
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and honeycomb 13 . They determined the extent of internal delamination damage in sandwich panels by X-ray examination. In another study, Shih and Jang investigated the impact response of various sandwich panels with PVC foam cores 14 . They showed that the absorbed energy by the sandwich panels with foam cores was 15-100% greater than the sum of the absorbed energy by each constituent alone. Zhou and Hill undertook research on the influence of skin thickness on damage development and energy absorption of sandwich structures 15 . They reported that the sandwich structure rigidity and the mechanism of load transfer among the layers was a function of skin thickness. Foo et al. 2 reported the failure response of aluminium sandwich panels under low-velocity impact. They showed that honeycomb core density influenced the impact response. Hazizan and Cantwell studied the low-velocity impact response of sandwich structure with foam cores 16 . The results showed that the failure modes were dependent on core materials. Wang et al. 7 studied experimentally and numerically the behaviour of foam core sandwich panels under low-velocity impact. They investigated the effects of impactor diameter and energy, foam core, and face sheet thickness on the impact behaviour and concluded that the impact response was independent of the foam core, while increasing the face sheet thickness decreased the absorbed energy and contact duration. Hitchen and Kemp studied the effect of stacking on impact damage of carbon fibre/epoxy composites. They reported that the stacking sequence influenced the absorbed energy and total delamination area, as well as the pre-and post-impact compression strength, while the delamination pattern was affected by fibre fracture. Lee et al. 17 studied the dynamic response of a composite plate impacted by a ball. They reported that the transverse shear and transverse normal strain were transmitted by the core. They found that the impact velocity determined the contact force between the impactor and the plate. Zhang et al. 18 studied the low-velocity impact response of pyramidal lattice core sandwich panels with polyurethane foam. The results showed that the energy absorption efficiency of sandwich panels filled with higher density foam was lower than unfilled sandwich panels, since the influence of the added weight is more important than the improvement given by the filled core. Mohan et al. 19 investigated the impact response and failure modes of aluminium foam with different face sheets. They reported that the impact performance of sandwich structure was mainly affected by the mechanical properties of the face sheets. In another study, Kazemi et al. 20 investigated the effect of stacking sequence and layer thicknesses on Charpy impact of a three-layer structural composite. It was reported that for symmetric configurations, increasing wood content decreased Charpy impact strength, while for asymmetric configuration, Charpy impact strength was independent of layer stacking and wood content.
Although several investigations have been performed on the influence of different parameters (configuration and material properties) on the impact response of sandwich panels, more investigations are necessary to completely understand their effect on the impact response and damage behaviour.
In this work, the low-velocity impact behaviour of three layer sandwich structures with foam core is studied to determine the effect of core density, skin thickness, and skin composition. Sandwich panels without a foam core are also produced and tested for comparison purposes. The findings in terms of energy/force, load-deflection response, and failure mode are discussed to enable a better understanding of their impact responses. This report is actually a continuous effort to understand the mechanical response of polymer sandwich panels where the morphology, density, and flexural properties of these structures were previously measured and discussed 21 . These results are used here to explain the impact response observed. 10, 20, 30 , and 40% wt.) and HDPE with different azodicarbonamide (ACA) content (0, 0.6, and 1.2% wt.) were prepared as described below to produce the skin and core layers, respectively.
MAtErIALS And MEtHodS

Materials
Processing
Sandwich structures were produced in three steps: 1) skin production, 2) core production, and 3) sandwich panel production. The production of the skins started with hemp drying overnight in an oven at 80 °C to remove humidity. Then, HDPE/MAPE (9% wt. based on total hemp weight) and hemp (0, 10, 20, 30, and 40% wt.) were introduced in the first and fourth zone of a corotating twin-screw extruder (Leistritz and layers of HDPE with 0.6 and 1.2% ACA (1 mm thick) were produced by compression moulding using the same Carver press at 160 °C under a load of 3 tons. The temperature was again selected to limit foaming during core compression moulding.
As the last step, according to the desired final configuration for sandwich structure with foam core, a core layer with 0.6 or 1.2% ACA was placed between two skins in a mould with dimensions of 250×250×7 mm 3 . The sandwich structure was preheated at 225 °C for 2 minutes and then 3 tons of load was applied on the mould. Because of high temperature, ACA started to decompose and pressure increased inside the mould. As soon as the pressure started to reduce (ACA decomposition completed), the pressure over the mould was removed and the sandwich panel was cooled down to stabilise the bubbles (foam stabilisation).
For sandwich panels with 0% ACA in the core, the skins and HDPE core were transferred to the same mould. Then, the mould was preheated for 3 minutes at a temperature of 170 °C and pressed for 5 minutes under a load of 3 tons. Finally, the sandwich structure without foam core was cooled down and removed from the mould.
Specimen coding
The three layer structures are presented with respect to their stacking configuration as: A(y)-X-B(z) where A and B are associated to the hemp content in the skin (% wt.) and X represents the ACA content (% wt.) in the core, while y and z are the layer thickness (mm). For falling-weight impact testing, the first letter in the sample coding represents the top layer. 
Mechanical tests
Charpy Impact Test
Charpy impact tests were performed using a Tinius Olsen (model Impact 104) impact tester with pendulum weight of 22.76 N, according to ASTM D6110. The samples (120×12.7×7 mm 3 ) were notched edgewise with a Dynisco model ASN 120m. Ten specimens were tested for each sandwich panel.
Falling-weight Impact Test
Low-velocity impact tests with the same range of energy for all specimens were performed with a drop weight instrumented impact tower, Instron CEAST (Model 9340) according to ASTM D3763. The CEAST DAS 8000 Junior was used as the high speed data acquisition and impact processing system. Response of the impact test was recorded from the data acquisition system in terms of load, time, energy, and displacement.
The test specimens were positioned between two steel plates (support fixtures) with a circular window having a diameter of 76.0 mm in the centre of the plates. The steel plates applied enough force to prevent specimen slippage in the clamps. The energy and mass of the impactor were kept constant at 60 J for all specimens to obtain a complete perforation. In this work, the impactor was released from a chosen height and dropped freely along the guide columns. The specimens were impacted at the centre of the test section by the hemispherical impactor with a diameter of 12.7 mm and a speed of 3.51 m/s. For each case, at least three specimens were tested.
Damage Characterisation
During the drop-weight impact test, the sandwich panels were damaged internally or externally. These damages can be in the skins, in the core or at the skin-core interface in terms of delamination, elastic cavity formation through the sandwich panels or cavity formation through them by crushing of all layers. After the impact tests, the 
rESuLtS And dIScuSSIon
Pendulum Impact test
The Charpy impact strength of the sandwich structures with and without foam core is plotted in Figure 2 . As expected, the sandwich structures with foam core presented better energy absorption properties because the cellular structure hinders the propagation of the cracks and improves the energy absorption 
Falling Weight Impact test
Falling weight drop impact tests were carried out on sandwich panels with and without foam core. The impactor energy was selected at 60 J to completely perforate the structures.
The response of a sandwich structure to impact test can be characterised by a load-deflection curve. The shape of this curve is influenced by the shape of the impactor, stacking sequence, and layer thickness. In this curve, the maximum force is defined as the maximum force a sandwich panel can sustain and the contact duration is the total contact time between impactor and sandwich panel up to perforation 24 . Figure 4 shows typical force-deflection curves of the perforated sandwich structures with and without foam core. As it can be seen, all the curves have similar shapes. In the loading or stiffening section the force increases with deformation, while in the unloading or softening section the force decreases with deformation. All the curves are open curves ending at nearly constant value which is called the pure friction zone showing that the impactor completely perforates the sandwich panels and loses contact 25 .
The failure of the sandwich structures is characterised by a variety of changes in the load-displacement curve. Two thresholds are identified in the loaddeformation responses. The first one is called Hertzian failure and takes place when the force increases to a peak, then falls suddenly and continues oscillating 10, 26, 27 . Hertzian failure denotes the first initial damages in the structures which can be in the form of layer delamination 25, 26, 28 . The sharp drop of force and change in the curve slope after Hertzian failure are related to stiffness reduction of the structure by delamination 11 . The second threshold or the maximum force corresponds to the driving force for the first structure failure in the form of fibre breakage and skin failure. It determines the load carrying capacity and integrity of the structure.
The total absorbed energy by the structures, which includes elastic and plastic contributions, is a measure of dissipated energy by different damage phenomena occurring through the structure 8 . Energy absorption can be calculated using the force history. In this work, the mechanical response of low-velocity impacted sandwich panels is characterised in terms of peak load, deflection at peak load, and total absorbed energy.
Sandwich Structures Without Foam Core
The mechanical responses of structures without foam core are presented in table 1. According to the results, increasing the total amount of hemp in the skins led to higher peak load that determined the load bearing capacity of the structures. This behaviour may be associated with the skins stiffness; i.e. as the stiffness increased, so did the peak load. For instance, increasing hemp content in both skins from 10% (10(1)-0-10(2)) to 40% (40(1)-0-40(2)), improved the peak load from 3518 to 4459 N which is an increase of 27%. This can be associated with the stiffness of 10(1)-0-10(2) and 40(1)-0-40(2) which were reported to be 1124 and 1676 MPa, respectively 21 . Moreover, the effect of increasing hemp content in the top skin to improve the peak load is more pronounced than for the bottom skin. As an example, the peak load value of 10(2)-0-10(1) is 3236 N, while the value increased to 3751 N for 40(2)-0-10(1) and to 3474 N for 10(2)-0-40(1) which are about 16% and 7% improvement, respectively. This is directly related to structure stiffness for 10(2)-0-10(1), 40(2)-0-10(1) and 10(2)-0-40(1) which were 1205, 1466, and 1405 MPa, respectively 21 .
Furthermore, the peak load is dependent on the sandwich panel configuration and different results for peak load are obtained depending on load direction. As the thicker skin was placed as the bottom one, the peak load increased 7 . This can be seen by comparing the values for series A(1)-0-B(2) and A(2)-0-B(1). For instance, the peak load of 30(1)-0-30(2) is 4103 N which is 11% higher than the peak load of 30(2)-0-30(1) with a peak load of 3690 N.
The deflection of the structures is affected by the total hemp content in both skins. As the total hemp content increased in the structures, the deflection at peak load decreased. Samples 10(1)-0-10(2) with 10.3 mm and 40(2)-0-40(1) with 7.4 mm have the highest and lowest deflections at peak load. In the case of absorbed energy, different results are obtained depending on the sandwich panel structures and load direction. For all structures, the absorbed energy of the structure with thicker bottom skins is higher. As an example, the absorbed energy by 40(1)-0-40(2) is 19.0 J, which is 12% higher than 40(2)-0-40(1) with 17.0 J. The dependence of the absorbed energy to the load direction can be attributed to the fracture pattern difference between foamed and unfoamed cores, as well as the total surface area which diffused the impact energy 29 . Moreover, the absorbed energy is dependent on the total hemp content. As the total hemp content increased, the total absorbed energy decreased. As the total hemp content of a structure increased, the energy dissipation capacity is reduced because of lower deformability and absorbed energy in terms of elastic energy. 
Sandwich Structures With Foam Core
The mechanical response of lowvelocity impacted sandwich panels with foam core are presented in tables 2 and 3.
The peak load of the sandwich structures are affected by skin fibre content, layer stacking, and core properties. The peak load values for the structures with 0.6% and 1.2% ACA increase with total fibre content. For instance, the peak load of 40(1)-0.6-40(2) (2599 N) is 34% higher compared to the structure 10(1)-0.6-10(2) (1934 N). Similarly, the peak load of 10(1)-1.2-10(2) increases from 1713 to 2196 N for 40(1)-1.2-40(2) (28% improvement). This behaviour shows that stiffer skins with low elasticity improve the peak load of the whole structure. Moreover, the results indicate that the top skin played a more dominant role controlling the structure peak load. For instance, the peak load of structure 10(1)-0.6-40 (2) In the case of skin thickness, the results show that a thicker bottom skin improves the peak load of the structures. As an example, the peak load of sample 10(1)-0.6-30(2) (2056 N) is about 7% higher than the peak load of structure 10(2)-0.6-30(1) (1929 N). Throne et al. 31 showed that typical structural foams fail at impact load between one and 20 times lower than their unfoamed counterparts, but skin thickness is the main parameter controlling the level.
The comparison between peak load of the structures with similar skins but different cores confirms the influence of the core properties on peak load. 
Numbers in parentheses are standard deviations
As the density of the core decreases, the peak load decreases as well 31 . For 40(1)-X-40(2), the peak load decreases from 4459 to 2599 and 2196 N for the structures with 0%, 0.6% and 1.2% ACA, respectively. This shows the influence of stiffness on peak load; i.e. as structure stiffness decreases, so does their peak load. On the other hand, increasing the core density plays an important role in improving perforation resistance because heavier foam improves the local rigidity, elastic modulus of the structure, and more material is available to support the impact stresses [32] [33] .
The peak load can be more significantly improved by increasing the total hemp content in a structure compared to increasing the thickness of the bottom skin. For instance, the peak load of 40 (2) The deflection at peak load results for sandwich panels with foam core are presented in tables 2 and 3.
Comparing the deflection at maximum force of the structures with 0.6 and 1.2% ACA shows that they are not significantly affected by the foam core. For instance, the deflection of 10(2)-0.6-10(1) and 10(2)-1.2-10(1) are 10.7 and 10.6 mm, while the deflection of 20(2)-0.6-10(1) and 20(2)-1.2-10(1) are 9.8 and 9.9 mm, respectively. This can be explained as the core density decreased, the role of the core decreases as well and the skins are governing the deflection of the sandwich structures under impact 30 . On the other hand, comparing the deflection of the structures with and without foam cores shows that structures with foam core have higher deflection. The deflection of structure 20(2)-X-30(1) for 0, 0.6, and 1.2% ACA are 8.9, 9.2, and 9.3 mm, respectively. In this case, as the structures with HDPE core are perforated, bending and stretching of the skins are not the main failure modes contrary to structures with foam core which have higher deflection due to their lower stiffness.
As the density of the core decreases, the role of the skins on the structure deflection is more important. Therefore, the deflection of the structures with foam core is controlled by the total hemp content. As the total hemp content increases, the structure deflection decreases which is ascribed to lower stiffness of the structure. For instance, the deflection of 20(1)-0.6-20(2) (9.8 mm) is higher than the deflection of 30(1)-0.6-30 (2) (8.8 mm) . Moreover, the results show that skin thickness and load direction slightly influence the deflection of the structure. The deflection of 30(1)-1.2-40(2) is 8.7 mm which is 6% higher than for 30(2)-1.2-40(1) with a deflection of 8.2 mm. This indicates that thicker bottom skins improve the deflection of the structures.
Comparing the total absorbed energy indicates that the energy absorbing capacity of the structures with foam core is dependent on core density, skin type, and load direction. The total absorbed energy increases significantly with increasing core density. The total absorbed energy increases during the perforation as in denser specimens more material is available to absorb energy 34 . As seen in tables 2 and 3, the total absorbed energy for structures with 0.6% ACA core is higher than their counterparts with 1.2% ACA core. For instance, the structure 40(2)-0.6-40(1) absorbed 9.5 J which is about 44% higher than the total absorbed energy by 40(2)-1.2-40(1) (6.6 J).
Comparing all the results with or without a foam core shows that sandwich structures with unfoamed HDPE core absorbed more energy before perforation. As an example, the total absorbed energy of the series 10(1)-X-10(2) for 0, 0.6, and 1.2% ACA are 25.3, 16.8, and 15.3 J, respectively. These results show how the core density controls the energy absorption capacity of the sandwich structures.
Furthermore, the effect of wood content in the skin layers is studied comparing the results for total absorbed energy in tables 2 and 3. As the total hemp content increases in the structures, the total absorbed energy decreases. For example, the total absorbed energy of 10(1)-0-10(2) is 15.3 J which is 84% higher than the 8.3 J obtained for 40(1)-0-40 (2) . The flexibility of the structure decreases and stiffness increases, reducing the ability to absorb energy elastically [35] [36] .
Stacking sequence also influences the energy absorption properties of the structures. As the thicker skin is set as the bottom skin, the total absorbed energy increases for all specimens with foam core. For instance, the total absorbed energy of 30 (1) The force-deformation curves of some samples with different core density are shown in Figure 5 . The force response of the structures is dependent on core density and structure configuration. As the structure stiffness increases, the slope of the force-deformation curve at low deformation increases. Moreover, in structures with foam core, Hertzian failure takes place at lower deformation compared to their counterparts without foam core.
The energy-deformation curves of some specimens are presented in Figure 6 where the total absorbed energy by the structure is influenced by the total hemp content of the structure and core type. Samples with HDPE core such as 10 (1) On the other hand, the total absorbed energy is negatively influenced by the total amount of hemp in the structures. Lower hemp content in the structures leads to higher deformability and total absorbed energy. For instance, the total absorbed energy of 10 (1) 
Failure Modes
After impact testing, all the sandwich panels were carefully examined with an optical microscope to study the failure modes and then cut through the perforation to study their cross-section. As it can be seen in Figure 7 , the failure modes are strongly governed by the sandwich layer stacking and properties of the core. The configuration of the sandwich panels and the skins thickness do not influence the failure modes. The common point between all the specimens is that damages in the bottom skin (Figure 7 (B) , (D), (F) and (H)) are more important (severe) than for the top skin (Figure 7 (A) , (C), (E) and (G)) as reported by Tovar-Cisneros et al. 29 . The maximum perforation size in the sandwich panels with less rigid top skin (10%, 20% hemp), is similar to the impactor diameter where damages are more likely to be ductile, while the skins are deformed plastically before fracturing. In sandwich panels with high hemp content skins (30%, 40%), damages in the bottom skin are more brittle where the surface is broken into pieces with sharp edges and deep cracks in both skins. (E) show that sandwich panels with low hemp content skins have lower damaged area and the shape of the perforation is more cylindrical, unlike sandwich panels with high hemp content skins for which the damaged area is larger with a conical shape.
The comparison between impacted specimens with different foam cores shows no difference between failure modes. All the sandwich panels with foam core (Figure 7 E, F, G, H) show fibre breakage, matrix breakage, and core crushing, as well as bending and shear failure. But, for sandwich panels with unfoamed HDPE core, (Figure 7 A, B, C, D) , the samples suffer from serious damages such as bottom skin-core delamination, more severe cracks, and lower skin splitting which could be explained by higher absorbed energy and impact forces, different load transfer mechanisms between layers, as well as their tensile and shear fracture properties 16 . In these structures, the occurrence of core bending and shear failure is low, while it is more probable in sandwich structures with foam core. The failure modes in sandwich panels without foam core show that a significant amount of energy is dissipated through interlaminar damage and crack propagation. On the other hand, sandwich panels without foam core are more prone to delamination due to high core modulus 16 .
As shown in Figure 8 , the fracture angle in the sandwich structures with foam core is about 45° as reported by Throne et al. 31 . In the sandwich structures without foam core, the angle is close to 90°. Tovar-Cisneros et al. 29 also reported these differences between the impact strength of asymmetric structural foams and their unfoamed counterparts. Based on their observations, a model was proposed to relate the inside area of the fractured hole with the bottom skin thickness. The equation was then used to calculate the total area diffusing the impact energy in sandwich structures with foam core (see Figure 1 for parameter definition):
(1) and the following equation was proposed for sandwich structures without foam core:
The calculated results of S/S' (normalised area) for two sandwich configurations with L u = 1 mm, L C = 4 mm, L L = 2 mm, and L u = 2 mm, L C = 4 mm, L L = 1 mm are 1.67 and 1.58, respectively. The difference between the normalised areas for these two configurations shows that the perforated area depends on skin thickness. As the thickness of the top skin decreases, the interior area of the perforated hole increases accordingly, thus more energy is needed for complete perforation.
The relative absorbed energy, which is defined as the total absorbed energy of the sandwich structure with foam core compared to its counterpart without foam core, is presented in table 4. As the total hemp content of the structure increases, the difference between the normalised area and the relative absorbed energy increases which can be attributed to different fracture modes depending on the skin. For example, the relative absorbed energy of 10(2)-1.2-10(1) and 40(2)-1.2-40(1) are 1.65 and 2.58, respectively.
Moreover, as the core density increases, the difference between the normalised area and the specific absorbed energy increases because the fracture cannot be assumed as brittle which is the main assumption to have a fracture with a 45° angle. Therefore, as the core density increases, the fracture angle increases and structures with low density foam core absorb energy by deformation, indentation, and compression, thus the impacted area absorbing energy increases 31 . For example, the relative absorbed energy of 40(1)-0.6-40(2) and 40(1)-1.2-40(2) are 1.69 and 
concLuSIonS
The main objective of this work was to study the impact response of three-layer sandwich structures with and without foam core based on HDPE and hemp. The influence of skin fibre content, skin thickness, and core density on the low-velocity impact response of the structures was investigated. The density of the core was controlled by the foaming agent content.
For all the sandwich panels (with or without a foam core) the Charpy impact strength depended on the skin fibre content and core density.
As the density of the core decreased, the energy absorption properties and specific impact strength of the structures improved. It was reported that the specific impact of 30(1)-1.2-20(2) and 30(1)-0.6-20(2) were 60% and 40% higher than the specific impact strength of 30(1)-0-20 (2) . On the other hand, increasing the total fibre content in the structure lowered the Charpy impact strength; i.e. the materials are more brittle.
Based on the results obtained from falling weight impact tests, core type, skin thickness, and total fibre content controlled the deformation, peak load, and total absorbed energy. In all structures with different core density, increasing total fibre content increased the load peak, while it decreased the deflection and absorbed energy. On the other hand, decreasing core density decreased the peak load and total absorbed energy. The total absorbed energy of 10(1)-X-10(2) for 0.6, and 1.2% ACA compared to structure with 0% ACA core decreased by 34 and 40% respectively, while the peak load of the same sandwich structures with foam core were reported to be 45 and 105% lower than the peak load of 10(1)-0-10(2). Moreover, the results showed that the peak load of the structures was dependent on the load direction, skin thickness, and total fibre content.
Finally, relative absorbed energy was shown to depend on failure mechanisms which were governed by the sandwich structure configuration, core density, and skin type. As the core density increased the failure was more brittle and the failure mode switched form core crushing to interlaminar debonding. Nevertheless, the results showed that a wide range of impact responses can be expected from three layer sandwich structures depending on their design.
